Abstract-As the demand for power increases, reduction of undesired energy during the transmission and distribution of electrical energy becomes a vital issue. In this respect corona will play an important role in the near future. Loss of energy due to corona is governed by both power line properties and environmental factors. In order to address corona related issues, electrical designers should have a good knowledge on corona generation and the effects of corona under various conditions. Methods developed during the last many decades to minimize corona effects, have their own advantages and disadvantages. This study discusses in detail these methods with the view of providing information to develop new methodologies to overcome the drawbacks of present corona prevention techniques.
INTRODUCTION
Corona is an electrostatic discharge phenomenon which occurs when the electric field at sharp points of objects exceeds a certain critical value causing the surrounding air ionized. The electric field at a point of a conductor may increase due to the enhancement of potential of the conductor itself or the increase of background (ambient) electric field. The voltage of a conductor increases when it is energized by an electrical power source. Ambient electric field may be increased either due to HV sources in the vicinity or due to natural phenomena such as thunderstorms. Not only conductors, even non-conducting materials like trees with sharp tips, grass, cactus etc underneath transmission lines are reported to emit corona.
When the voltage is gradually increased, the first continuous corona with specific amplitude starts at a particular value which is termed the corona inception voltage. When the voltage is reduced from a higher value corona extinction starts near the corona inception voltage. The voltage of corona inception decreases as the frequency of the applied voltage is increased. Corona inception voltage of a point depends on the dimension of the point, material and grounding connection of the object and atmospheric conditions.
Electromagnetic interference in communication systems, audible noise, insulation degradation and power loss in overhead transmission lines are few ill-effects of corona. These issues have drawn the attention of HV researchers to study the nature of corona and its influence on various systems. In transmission lines apart from power losses, corona also invites lightning stepped leaders to be attached to the power line. Thus, Corona must also be regarded as a vital factor in surge arrester design, insulation level prediction and EMC [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Corona testing and corona detection are useful techniques applicable for various purposes. Monitoring of corona may reduce the maintenance and replacement cost of electrical equipment and, also, controls the quality of production at various stages. In fact, corona tests are used to know under what conditions corona occurs and if it happens, collect the information on nature of corona, frequency spectrum, amplitude, recurrence frequency and the duration [14] .
In the literature there are plenty of papers on corona, however, in order to advance the research on the subject one needs up to date information on the current situation. As such is lacking at present, this study has been done to fill the vacuum of information chain.
II. INFORMATION AND ANALYSIS
Corona is observed in three types:
i. Glow discharge: A negative polarity glow discharge is generated in 25 when the voltage gradient is approximately 20 kVrms/cm. It does not produce any audible noise and objectionable RIV/TVI (Radio Influence Voltage/Television Interference). The magnitude of negative polarity glow discharge which is associated with RIV would be less than 10 microvolts. It is a light, faint that discharges locally and sharp points and corners are the most critical points for glow discharge to be appeared [15] . ii. Brush discharge: The other kind of corona is brush discharge which is named because the appearance of it is like the round ends of a bottle brush. If the voltage gradient exceeds about 25 kVrms/cm, a negative polarity brush discharge occurs. It is such a kind of streamer that is come radially from the conductor surface side. The length of these kinds of discharges depend on the magnitude of the voltage so that, it would be changed between 1 to 2 inches with the increasing of voltage from low voltages to higher voltages. Continuous hissing is the production of brush discharge. The voltage range of RIV/TVI, which is generated by brush discharge, is between 100 to 5000 microvolts [15] [16] . iii. Plume discharge: A positive polarity plume discharge is generated when the gradient is around 30 kVrms/cm. The reason for choosing this name is that, in the dark place, it is a halo which is like a tree that has stem and branches. The length of stem typically ranges between an inch to several inches that depends on the voltage. The sound of it is hissing. This type of corona can generate significant RIV/TVI so that the magnitude of it would be 10 times more than that of negative polarity brush discharges [16] .
It was proved that, brush discharges or plume discharges are used to generate RIV/TVI on overhead transmission lines so that without these discharges, RIV/TVI cannot be generated [15] . Corona ring or arcing ring is localized in the both end of an insulator [17] . It is a metal ring and is produced by aluminum due to increase the levels of corrosion resistance as well as weight reduction. Since the melting point of steel is higher compared to aluminum, some manufacturers use steel. Electric field reduction can be mentioned as an advantage of corona ring. However, the dry arcing distance of an insulator is decreased by using a corona ring since the insulator length is increased [18] [19] [20] . As the energy and power content of corona is relatively low, the degradation process of insulation materials due to corona emission takes long period to show visible deterioration. Hence the decrement of reliability of the system is not noticed until catastrophic failure takes place, unless continuous monitoring of the material condition is done. There are many incidents reported in the literature that failures have been taken place without any warning of failure. Most often corona effects are permanent and cumulative, hence, it is always better avoiding corona at the inception level. Some other adverse effects of corona are generation of heat, sound and light, formation of various acids, ozone and salts, emission of ultraviolet radiation, carbon deposition, and mechanical erosion of surface.
Sound produced by corona can be employed in corona detection as high accuracy audio systems can recognize the unique frequencies and wave profiles of corona emission [21] [22] . One other benefit of corona is the application of low intensity UV generated by electric discharges in the form of corona in the inactivation of bacteria and other microbes [23] [24] [25] [26] [27] [28] . Corona is also used in ozone generators, lightning air-terminations, charging of particles or surfaces for electroplating, electric separation of various micro particles, printing treatment of plastic films and Geiger counters etc. [29] .
Detection and measurement:
Corona can be initiated in any insulation systems so that insulation systems would be a corona source. The most possible location for occurring corona is at the conductor/insulator interfaces and voids in insulators. A location where corona generation takes place is termed a corona site. Fig. 1 shows some of the possible sites of corona:
1) The sharp surface of conductors which may be in contact with gas or air 2) A part of a surface that restricts an area of an insulating material which is in contact with gas. In this condition, corona appears if the resistivity of the surface is lower than the surface of surrounded area 3) The space between the insulation material and plane surfaces of conductors that is filled with gas.
If there is an electric field between them with sufficient strength, breakdown of the gas would happen 4) The cavities filled with gas and are partially or completely surrounded by the material of solid or liquid insulation and the surface of conductors 5) The voids that are completely surrounded by solid or liquid insulating materials [30] [31] .
Corona detection:
There are several techniques to recognize corona. Visible corona can be detected by a visible-spectrum camera. Sometimes, it can be visualized as purple glow light, which can be better captured by UV sensitive camera. The color of negative corona is red and spotty while positive corona is blue and smooth [32] . Corona is often noisy; hissing or cracking, and well heard by unaided human ear. For finding corona by its noise, there are several ways such as using ultrasonic detectors or stethoscopes. Corona, also, produces ozone so that sometimes one can smell it. 
Voltage transients are generated as a result of corona discharge in insulated conducting systems. Corona detection equipment has also been developed for sensing the pulses of applied voltage which are superimposed to the system [21] . The diagram of a basic form of corona measuring system is shown in Fig. 2 :
Measuring of corona depends on the polarity and it changes when a positive or negative corona occurs in a fixed particle. The size of particle also affects the current characteristics so that in the positive corona, a strange characteristic of current was seen in the case of very short particles [33] .
The stability of corona discharge depends on the gap length between electrodes and also the nature of insulating material. In an unintended electrode system such as parallel aligned phases of a power distribution line, it is always better to separate the phases to the maximum possible to eliminate corona inception possibilities [34] .
Calculation of losses:
In literature [35] it was proved that rain may affect corona loss. With increasing of rainfall, corona loss increases and attains constant value after certain level of rainfall intensity.
The percentage of power loss in corona depends on the voltage of the system. Research published in 1911 [36] proposed an equation for corona, from which equation (1) is derived for the total amount of power loss in a wire due to corona effect [32] :
Where is conductor radius, is conductor spacing, is fixed constant, is normalized air density factor, is frequency, is line voltage to neutral, is wire irregularity factor and is disruptive gradient in air. Fig. 3 depicts that the conductor radius affects corona loss using equation (1) in which is constant (241), is equal to 1, is 0.95 ( which is for weathered wire) and the space between the conductors, frequency, line voltage to neutral and disruptive gradient in air are considered 1000 cm, 60 Hz, 442 kV and 21.1 kV/cm respectively [37] . It can be seen from the Fig. 3 that, the total amount of corona loss depends on the radius of the conductor. Bundling is a method to get the line with a large effective radius so that the amount of needed metal is decreased and therefore corona loss is minimized. The research reported in [38] shows how to calculate corona loss. Equation (2) shows that corona loss is dependent on the frequency [39] : (2) Where is frequency supply (Hz), is critical disruptive voltage, is conductor radius, is conductor spacing, is operating voltage and is the correction factor of air density.
So, corona loss is increased with the increasing of frequency. It means that, corona loss is higher in the case of AC compare to DC due to the presence of the third harmonics in AC. 
Measured values:
Measured values in various studies clearly show the importance of using bundled conductors to reduce corona losses. As reported in reference [40] , the experiment has been conducted in fair and rainy weather conditions for a three phase line with 765 kV and 1.8 kW/km bundled transmission line. The loss in fair weather was around 0.083% over a 1000 km line. In contrast the loss in bad weather was around 3.7%.
The Hydro-Quebec Institute of Research has measured the value of corona loss in "heavy artificial rain" for voltage up to 1200 kV [41] . This institute has tested 6 and 8 conductors in bundled form and the corona losses for these two have been 22.7 kW/km and 6.2 kW/km respectively. The difference between the two measured values, [40] and [41] , would come from the space between the conductors and also different radii.
A group of researchers in Finland have taken measurements of corona loss under frost condition for a two-conductor bundled wire and a three-conductor bundled wire [42] . This study shows that with bundled wires in the transmission line, the corona loss could be decreased in a way that the corona loss for three-conductor bundled wire was around 2.5 to 5 times less than that of two-conductor bundled wire. It describes that for a three phase transmission line with 400 kV and 2 bundled conductors, the loss is around 21 kW.
Corona prevention technics:
There are several ways to reduce, and sometimes to prevent, corona effects. Corona can be prevented or minimized by the increasing of critical extinction voltage. The rate of critical voltage should be 150% of the maximum circuit voltage [16] . The conductor diameter is increased by bundled conductors so that the corona loss is decreased. One more method is to reduce the electric field strength for a given voltage difference, that can be achieved by the increasing of the conductor diameter. Hollow conductors would tackle the problem in EHV lines. Increasing of the space between the conductors of a transmission line is also a method to prevent corona, however there is always limitations to such increments due to restriction of space in the tower and cost. Sharp protrusions, edges and cuts in the conductors should be avoided as in such case the localized electric fields can drastically be increased so that corona generation at lower inception voltages is promoted [16, 43] .
III. DISCUSSION

Incidents of corona loss:
In 2002, a failure occurred on a PVC plastic insulator due to a corona related accident. The insulator was a dual standoff T insulator which was connected to the both ends of the external loading coil for operating at low frequency (LF) at WC2XSR/13. Although a corona ring was installed to one of the terminals, the insulator experienced a lack of special care. The high power LF transmissions produced corona arcing so that the insulator could not handle it. The failure started at output terminal which connected the loading coil to the antenna. Consequent to the failure, the PVC cover caught fire. The burning continued till corona found a path to ground through tuner cabinet which was under the PVC insulator. Fig. 4 shows the mentioned failure [44] : Figure 4 : PVC plastic insulator after failure caused by corona arcing [44] Adequacy of present day techniques:
Many methods have been used to reduce corona losses under various conditions. However, many of these techniques, which have reasonable effectiveness in suppressing corona, in turn give rise to some undesired illeffects to the systems for which they have been employed. For instance, as it was reviewed, conductor bundling is one of the best ways to reduce corona effects since this technique can significantly decrease power losses, radio interference, reactance, voltage gradient etc. [45] [46] . However, the technique has inherent disadvantages on the system. Bundling increases ice and wind loading and also needs greater clearance with nearby structures. Charging kVA is another characteristic that is increased by bundling and it would be a drawback at light loads. To implement the bundling, spacers also must be used in order to separate the conductors from each other. There is a rotational part inside these spacers that can be blocked during the cold weather [47] . As mentioned in the literature, corona loss decreases with increasing conductor diameter but it is limited since, it affects the tower size and increases the cost of material.
Future work:
Since the demand for power is growing daily at global level, corona discharge is going to be a concern felt much more in the future than that did in the past. To improve the techniques of reducing corona, the nature of physics and chemistry of corona should clearly be understood. This can be done by developing more accurate and sensitive corona detecting and monitoring techniques. Hence, remote sensing of corona will play a vital role in the future in understanding corona generation and effects of corona on other systems. Having a good knowledge of corona discharge will be the key for engineers to develop proper techniques to mitigate adverse effects of such [48] .
One part that would be worked on is the materials of conductors. In ACSR conductors, for example, the core of the aluminum based system is steel thus, it would promote corrosion. Thus, it can be promoted in the future so that the conductor core would be produced from a material that has less corrosion. Since humidity affects corona, insulation materials of conductors with less hygroscopic properties should be developed for HV industry. Another work that should be considered is the configuration of the conducting line since it plays an important role with regard to corona effects. It should be noted that corona effects depends on several other parameters as well. The resistance of the AC line and the current capacity are few of them [49] .
Although corona is a "bad phenomenon" for many electrical systems, it can be useful for other spheres like biomedical, agro science etc.. It is to be used as an imaging system for biomedical imaging device [50] . The producing of plasma via corona discharge is another point that can be considered in future [20] [21] [22] [23] [24] [25] [26] [27] [28] .
IV. CONCLUSION
Corona is an important factor in power electric systems to ensure both reduction in energy losses and increment in system safety. Corona may also cause nuisance in signal systems and pose threat to the signal integrity of data communication. There are several techniques to decrease the phenomenon to some extent. Bundling, increasing the conductor diameter, using hollow conductors and increasing the space between transmission line conductors are some of present day methods. All these techniques have the goal to reduce the effects of corona as much as possible. Advantages and disadvantages of the methods and, also, the effects of corona on systems have been discussed in the paper. Although, the techniques of corona reduction and prevention are reasonably good at present, it may most probably not be adequate for the future due the rapid increment of power demand. Also, there are some drawbacks of implemented methods that have to be overcome in the future. To solve the problem, designers should have a good understanding of the nature and other properties of corona.
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